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Select calibration mode.

202

A

Configure multiplexer to provide strobe
signal to delay circuit.
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Configure receiver to compare timing of
edge-positions of DQS and data signal.
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Initiate dummy read of memory devices.
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Detect any phase difference between
sample signal and data signal.
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Generate control signals and adjust
offset applied to sample signal.
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Output lock signal.
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Select receiver mode.

——302

Configure multiplexer to provide delayed
version of received strobe signal.

——304

Y

Provide delayed strobe signal as sample signal.

——306

Adjust delayed strobe signal using optimal offset.

——308
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Output adjusted signal as sample signal.

——310

FIG.3



US 9,111,608 B2

Sheet 4 of 13

Aug. 18, 2015

U.S. Patent

061 7 DIA
™> | seoma( Asowapy
0Ll
g 41
<N:0>VLVA
dd —
<0>0Q 05T s W1 2
Dy <sda L oaly 311
: 901.50Q 4 !
<N>00— ocl T
Ke[aq a1qeLeA A H_ﬁ%mu_ﬁwwﬁ%o
A 91
%l , L
Wl ¥ 71
_ 2Iqeug
S0a ﬁr - aal . -ajRIqIE)

661



US 9,111,608 B2

Sheet 5 0of 13

Aug. 18, 2015

U.S. Patent

DI

W],

p16 15O 9[qeLBA <E>S00 — <

; ! — |
| 716 90UdIJI( 9seYd —> .
_ | o

$0S 19SJQ 91qeeA <0>50d —

) t
!
| |
I |
| |
i
1 t
| t
| i
I t
t i
I |
| |
i ]
) |

70§ QOUAIFJI( 95eYd —

i i
t |
1 |
| I
| i
| i
| ]
] I
I ]
t !
| |
' '

(wonye1qI[ed)
<€>50a

(worye1qi[es)
<£>0d

(woneiqr[eo)
<0>50d
(woneiqies)
<0>0a

S0d



US 9,111,608 B2

Sheet 6 of 13

Aug. 18, 2015

U.S. Patent

01 9"DId
> | seomaq Kromapy
0L
] Al
<N-0>YIVA
ST >
05T [r W1 Il
L <0 vl 0 L4 911
901 800 ! 4
<N>00— 05l 0l
Aea( 91qeLIRA g1 | WOID) [0RU0Y
uoTeIqIe]) 971
A
¢l 1T
(] l
a[qeug
vl 7 - -0JeIqI[e)
I 00T | pajeanoreq

| )
_ 661



US 9,111,608 B2

Sheet 7 of 13

Aug. 18, 2015

U.S. Patent

L D14

W ], <€

80L Ae[oQ poxy] —

90L Ae[o( S[qBHIRA —>

p0L Koo poxIg

|
4
!
|
|

|
I
|
|
i
[
|
|
I
[
1
I
|
|
|

201 10SJJQ JuSWUBI]y-03pH —

!
i
i
|
|
|

<0>500
Lo

paxij o/m
<0>80d

<0>00a

NVYI(J woi]
<0>0d

WV woly
SOd



US 9,111,608 B2

Sheet 8 of 13

Aug. 18, 2015

U.S. Patent

061 oI onuo) 8 DIA
> | seomaq Aromapy 38 Juomoyg Aepaq
0L1 798
[
ie 4 _ NOVIVA
Acvom 051 > 001 -
L <100 ol 0Ly al i
N 901 .$0Q | |
N>-00— [ 0
Aejaq a1qeLRA 174! E%%mhﬁw%o
aaN 971
el | T
UlWy ul
_ 98Ty
s0a f — 4l . -aJeIqI[e))

661




US 9,111,608 B2

Sheet 9 of 13

Aug. 18, 2015

U.S. Patent

6 DId

016

83
[eudig
onuo)
A
906 p06
Jafonuo)) surg Aejo( 16 1039913(] 3sey{
106
P HA e ((l (Ha 14d

01D
Wo)sAg



US 9,111,608 B2

Sheet 10 of 13

Aug. 18, 2015

U.S. Patent

061 01"DIA
™> | sooma( Arowapy
0L1
] S— <N:>dVLVA
| mw: 4tl1
— Nl <N0>EVILVA
ada 51 |
Ly <0 901 $0af
Iy 4 Y
<N>OA—— 0¢T § 071
Aeppq ojqeurep | PTT | WOOIE) [01UOD
uoneIqIe) 97
43 ) Y00 R
LY ul
. dlqeud
s0a phl wl - -QJRIqIE)
ﬁ 091 001
- N

6601



US 9,111,608 B2

Sheet 11 of 13

Aug. 18, 2015

U.S. Patent

061 [T DId
™> | soomaaq Arowapy
0L1
u NO-IVIVA
] EAll o .
5 NOAVLVA
—— i AT
<0>00 01 5 4701 Wil
100 00 Ly 911 (0$da
oo A.m—v_moa v —— D
Y s — 0¢T 1< 071
<N>00— 208 mcs Rzl _ Wi
(A s
] 17T
m@ﬂwl A A
s0da f y B
091 00T N

6611



US 9,111,608 B2

Sheet 12 of 13

Aug. 18, 2015

U.S. Patent

DI

9l |
$00]

071 VoI [01u07) UONjRIqIe))

I

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

bll<

S
a o _
< a4 ¢
9[qeug-1uno) O a
mmo(/dn Tocﬁ
19JUn0) 0 a
N |
Wl wu—

4
o[qeuy
-ajRIqyE)

911
PIEA

b1l
[onu0)



US 9,111,608 B2

Sheet 13 of 13

Aug. 18, 2015

U.S. Patent

1

t1 DI
SSA
a(1)
i m_w pL (umop) jonuo)
JNOA » H
"Ll (dn) jonuo)
11
00g1—" @

aaa

DL

911
Pl



US 9,111,608 B2

1
STROBE-OFFSET CONTROL CIRCUIT

RELATED APPLICATIONS

This application is a Continuation of U.S. patent applica-
tion Ser. No. 13/656,238, filed Oct. 19, 2012, which is a
Continuation of U.S. patent application Ser. No. 13/276,708,
filed Oct. 19, 2011, which is a Continuation of U.S. patent
application Ser. No. 12/694,251, filed Jan. 26,2010, now U.S.
Pat. No. 8,135,555, which is a Continuation of U.S. patent
application Ser. No. 11/621,491, filed Jan. 9, 2007, now U.S.
Pat. No. 7,668,679, which is a Continuation of U.S. patent
application Ser. No. 10/923,421, filed Aug. 20, 2004, now
U.S. Pat.No. 7,171,321, each of which is hereby incorporated
by reference in its entirety.

TECHNICAL FIELD

The disclosure herein relates generally to memory systems
and methods. In particular, this disclosure relates to systems
and methods for transferring information among memory
devices and a memory controller.

BACKGROUND

High-speed processor-based electronic systems have
become all-pervasive in computing, communications, and
consumer electronic applications to name a few. The perva-
siveness of these systems, many of which are based on multi-
gigahertz processors, has led in turn to an increased demand
for the systems to host a larger number of applications having
a higher level of complexity than those applications hosted on
electronic systems of previous generations. The transfer of
information and signals required among the components of
these high-speed systems in support of these applications has
led to increasing demands for interfaces to support the effi-
cient high-speed transfer of information. Examples of such
interfaces include the interfaces between processors and
memory devices of high-speed systems.

One memory type typically used in high-speed processing
systems is double-data rate dynamic random access memory
(DRAM). The double-data rate DRAM is typically twice as
fast as a single data rate DRAM running at the same clock
speed because a double-data rate DRAM transfers data on
both the rising and falling edge of the clock.

While the use of double-data rate memory systems leads to
increases in data transfer speeds, issues arise regarding the
timing of the data transfer, particularly where a memory
controller receives data sent by a double data rate DRAM
attached thereto using a strobe-based method. Using this
strobe-based method, a strobe signal (also referred to as the
DQS signal) is edge-aligned to and accompanies a data signal
(also referred to as the DQ signal) sent by the DRAM. This
DQS is used by the controller to capture the data signal sent
by the DRAM. The DQS signal and the data are received and
the DQS signal is delayed by some fixed amount, usually
one-fourth of the memory system clock period. This delayed
DQS signal, which is approximately in quadrature with the
received data, is thenused as a common sample clock for each
of'the DQ input receivers in typically a byte or 8 bits of data
sentin parallel. Due to system offsets and pin-to-pin offsets in
the DRAM (commonly referred to on DRAM datasheets as
“tDQSQ”), however, one strobe-delay value for the whole
byte cannot be the ideal amount of strobe-delay for every pin.
Furthermore, while manual adjustment of per-bit offsets can

10

15

20

25

30

35

40

45

50

55

60

65

2
yield higher performing memory systems, requiring manual
adjustments of these offsets in a production memory system
tends to be expensive.

In some memory systems, calibration is performed by
affecting the read and write timing positions of the memory
controller based on pattern comparisons. For example, to
calibrate the read timing of a system, a DRAM can be
instructed to provide a known pattern to the controller. The
controller then adjusts its read-clock timing position to deter-
mine the pass-fail regions (e.g., when a comparison between
the received data and the expected data fails, the controller
determines that phase position to be in a fail region). Once the
pass-fail regions for the entire data-eye are known, the con-
troller chooses an optimal read-clock position centered
within the known passing region. A strobe-delay value can be
subsequently determined for this optimal read-clock position.

Timing-calibrated memory systems which eliminate pin-
to-pin timing variation can give better performance than
strobe-based memory systems which use per-byte strobes,
but they are substantially more complex. Consequently, there
is a need in high-speed, strobe-based memory systems, for
per-pin (data bit) strobe-offset control and timing calibration
to minimize DQS-to-DQ timing offsets for each DQ pin
individually, yielding more robust, higher-speed systems.

BRIEF DESCRIPTION OF THE DRAWINGS

Inthe drawings, the same reference numbers identify iden-
tical or substantially similar elements or acts. To easily iden-
tify the discussion of any particular element or act, the most
significant digit or digits in a reference number refer to the
Figure number in which that element is first introduced (e.g.,
element 120 is first introduced and discussed with respect to
FIG. 1).

FIG.1is ablock diagram of a strobe-based memory system
including a strobe-offset control system for individual data
line strobe-offset control, under an embodiment.

FIG. 2 is a flow diagram for individual data line strobe-
offset calibration in a calibration mode, under an embodi-
ment.

FIG. 3 is a flow diagram for receiving data signals of an
individual data line using an optimized sample signal, under
an embodiment.

FIG. 4 is ablock diagram of a strobe-based memory system
including a strobe-offset control system in the calibration
mode, under an embodiment.

FIG. 5 is a timing diagram showing the determination/
application of the optimal per-bit variable delay to a strobe
signal to generate per-bit strobe signals during calibration
mode, under an embodiment.

FIG. 6 is ablock diagram of a strobe-based memory system
including a strobe-offset control system in the receiver mode,
under an embodiment.

FIG. 7 is a timing diagram showing adjustment of strobe
signal timing using an optimal per-bit offset (calibration
mode) along with a fixed delay (receiver mode) to generate a
per-bit strobe signal with optimal alignment for sampling a
corresponding data signal, under an embodiment.

FIG. 8 is ablock diagram of a strobe-based memory system
including a strobe-offset control system for individual data
line strobe-offset control, under an embodiment.

FIG. 9 is a block diagram of a delay element control circuit
foruse in strobe-based memory controllers, under an embodi-
ment.
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FIG.10is ablock diagram of a strobe-offset control system
for individual data line strobe-offset control in strobe-based
DDR memory systems, under an alternative embodiment of
FIG. 1.

FIG. 11 is a block diagram of a control system for indi-
vidual data line rising and falling edge strobe-offset control in
strobe-based DDR memory controllers, under an alternative
embodiment of FIG. 10.

FIG. 12 is a block diagram of a calibration control circuit,
under an embodiment.

FIG. 13 shows a charge pump that can replace the N-bit
counter of a calibration control circuit, under an embodiment.

DETAILED DESCRIPTION

Systems and methods for strobe signal timing calibration
and control in strobe-based memory systems are provided
below. These systems and methods, also referred to herein as
strobe-offset control systems and methods, receive a strobe
signal from a memory device and in turn generate separate
per-bit strobe signals for use in receiving data on an external
data line or signal line of a memory system. The systems/
methods generate the optimal per-bit strobe signals by auto-
matically calibrating per-bit offset timing between data sig-
nals DQ<X> of individual data lines (where DQ<X>
represents any one of a number of data lines DQ<N:0>, where
X is any of data lines 0, 1, 2 . . . N) and corresponding strobe
signals DQS. The strobe signals DQS are also referred to as
strobes and data strobes. The strobe-offset control system is
for use in strobe-based memory systems which include, for
example, double data rate (DDR) systems like DDR SDRAM
as well as DDR2 SDRAM and other DDR SDRAM variants,
such as reduced latency DRAM (RLDRAM), RLDRAM?2,
Graphics DDR (GDDR) and GDDR2, GDDR3, but is not
limited to these memory systems.

The strobe-offset control system generally includes a cali-
bration control circuit coupled to a variable delay element,
both of which couple to a receiver. When operating in a
calibration mode, the receiver functions as a phase detector
and the combination ofthe receiver, calibration control circuit
and variable delay element can effectively form a delay-
locked loop (DLL) circuit. This DLL circuit, in response to
phase information of the data signals and corresponding
strobe signals, adjusts the phase relationship between the
strobe signals and the data signals for each received data bit
by adjusting an offset or delay value applied to the strobe
signal. The delay value is adjusted, for example, to optimally
edge-align the data signal DQ<X> and corresponding strobe
signal DQS, but is not so limited. The optimal edge-alignment
can be with respect to the rising edge or falling edge of the
data DQ<X> and strobe DQS signals. The optimal delay
value, once determined, is maintained and the system is sub-
sequently placed in a receiver mode.

In the receiver mode, the receiver now functions as aninput
sampler or data signal sampler. The delay value determined
during the calibration mode is applied to the strobe signals
DQS received from the memory devices to generate a per-bit
quadrature (i.e., approximately 90 degree phase offset)
sample signal DQS' (also referred to as per-bit strobe signal
DQS"); the per-bit strobe DQS' is output for use by the input
sampler in receiving data of a corresponding data signal
DQ<X>. Use of the delay value effectively removes the
detected phase difference between the data signal DQ<X>
and the strobe signal DQS, thereby optimizing the overall
timing margin for that specific data bit DQ<X> during data
transfer operations.
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In the following description, numerous specific details are
introduced to provide a thorough understanding of, and
enabling description for, embodiments of the strobe-offset
control system. One skilled in the relevant art, however, will
recognize that these embodiments can be practiced without
one or more of the specific details, or with other components,
systems, etc. In other instances, well-known structures or
operations are not shown, or are not described in detail, to
avoid obscuring aspects of the disclosed embodiments. As an
example, the strobe-offset control embodiments described
herein are presented in the context of transferring individual
data bits DQ<X> with the understanding that the disclosed
concepts apply to all data transferred during memory system
operations.

FIG.1is ablock diagram of a strobe-based memory system
199 including a strobe-offset control system 100 for indi-
vidual data line strobe-offset control, under an embodiment.
The strobe-based memory system 199 is a component of
and/or coupled to a host system or device (not shown) as
appropriate to the host system/device. A strobe-offset control
system 100 is coupled to receive data of each data line of the
memory system 199, and can include and/or couple with
additional components as appropriate to the memory system
199 or host electronic system. The strobe-offset control sys-
tem 100 includes a receiver 102 with a data input coupled to
a data signal DQ<X> via a data line 104 through at least one
data delay element 150. The data signal DQ<X> includes
information of one data bit of an N-bit wide data byte trans-
ferred to the receiver 102 from one or more memory devices
190 via one or more signal lines or buses 170. The receiver
102 samples the data signal DQ<X>in response to the sample
signal DQS' 106 as described below and outputs data signal
112 that includes data <0:N>.

The strobe-offset control system 100 also includes a mul-
tiplexer 140 that receives a delayed strobe signal at a first
input 142 and a strobe signal DQS at a second input 144. The
delayed strobe signal is generated from the strobe signal DQS
by a strobe delay element 160. The multiplexer 140, under
control of a memory controller or other device (not shown)
via a calibrate-enable signal 122, provides one of the delayed
strobe signal or the strobe signal DQS to an input 132 of a
variable delay element 130 as appropriate to operating modes
of the strobe-offset control system 100 described below.

The variable delay element 130 receives the output signal
of'the multiplexer 140 and generates sample signals DQS' 106
by applying a delay to the signals received at the input 132.
The variable delay element 130 of an embodiment supports
delays approximately in the range of one-sixth (i.e., 60
degrees) to one-third (i.e., 120 degrees) of the memory sys-
tem clock period, and alternative embodiments support other
delay periods as appropriate to the receiver and the desired
tuning range of the control system 100. The variable delay
element 130 outputs the sample signal DQS' via line 106 to
the receiver 102.

The strobe-offset control system 100 also includes a cali-
bration control circuit 120 which can alternatively be referred
to as a calibration controller 120. The calibration control
circuit 120, under control of a memory controller or other
device (not shown) of the memory system 199 via a calibrate-
enable signal 122, operates in a calibration mode to adjust an
amount of the delay or offset applied by the variable delay
element 130 to versions of the strobe signal.

The calibration control circuit 120 of an embodiment uses
information of one or more signals received from the receiver
102 in performing adjustments of the variable delay value of
delay element 130. One signal received from the receiver 102
is an adjustment control signal 114 that affects the amount of
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offset applied by the variable delay element 130 as described
below. Further, the calibration control circuit 120 receives an
optional adjustment valid signal 116 from the receiver 102
that indicates when information of the adjustment control
signal 114 is valid, as described below.

As described above, the strobe signal DQS is coupled to a
first input of the multiplexer 140 using at least one strobe
delay element 160. The strobe delay element 160 applies
pre-specified delay or offset to the received strobe signal
DQS. The strobe delay element 160 of an embodiment delays
the strobe signal DQS by a period of time that is one-fourth of
the memory system clock period (i.e., 90 degrees), but alter-
native embodiments will use delay values appropriate to the
receiver type. While the strobe delay element 160 is shown
and described as dedicated to each byte, alternative embodi-
ments may use one strobe delay element 160 per bit.

Likewise, the data signal DQ<X> of an embodiment
couples to the receiver 102 through at least one data delay
element 150. The data signal DQ<X> is transmitted from the
memory devices 190 in a read operation, for example. In a
strobe-based system, the transmitted data signal DQ<X> is
edge-aligned to the transmitted strobe signal DQS. The data
delay element 150 applies pre-specified delay to the received
data signal DQ<X>, and couples a delayed version of the data
signal DQ<X>' (referred to as the delayed data signal) to the
receiver 102. The data delay element 150 delays the data
signal DQ<X> by an amount that is approximately equal to
the median delay of the variable delay element 130, such as
one-fourth of the memory system clock period (i.e., 90
degrees), but alternative embodiments will use other delay
values. The delayed data signal DQ<X>'is then used as a data
input to the receiver 102.

The memory system 199 including the strobe-offset con-
trol system 100 operates in a number of modes including
calibration and receiver modes. In the calibration mode the
receiver 102 generally operates as a phase detector and deter-
mines any phase difference between a delayed data signal
DQ<X>' and the strobe signal DQS'. When operating as a
phase detector the receiver will generally be referred to herein
as a receiver/phase detector 102. The receiver/phase detector
102 compares the phase relationship between the strobe sig-
nal DQS' and the delayed data signals DQ<X>' for each
received data bit, and provides those comparison results to the
calibration control circuit 120 via the adjustment control sig-
nal 114. In response to the adjustment control signal 114, and
optionally in additional response to the adjustment valid sig-
nal 116, the calibration control circuit 120 will adjust the
delay control signal 124 which affects the delay value applied
to the strobe signal DQS via the variable delay circuit 130. In
this embodiment, the receiver/phase-detector 102 in combi-
nation with the calibration control circuit 120 and the variable
delay circuit 130 acts very much like a delay-locked loop
circuit (DLL). Once this DLL-like circuit is “locked”, the
adjusted delay of the variable delay circuit 130, when applied
to the strobe signal DQS, results in a per-bit sample signal
DQS' that is approximately edge-aligned to the delayed data
signal DQ<X>'. Alternatively, at least one of the delay ele-
ments 130 or 150 is variable, while at most one of them is
fixed, where the relative delay between delays provided by
delay elements 130 and 150 are controlled by the calibration
control circuit 120. Furthermore, if both delay elements 130
and 150 are variable delay elements, calibration control cir-
cuit 120 can additionally control the absolute delay of the
delay elements 130 and 150 in addition to their relative val-
ues.

In addition to generating information representative of the
offset between data and data strobe signals, the calibration

10

15

20

25

30

35

40

45

50

55

60

65

6

control circuit 120 can also store the information for subse-
quent use and/or processing. As such, the information can be
used to characterize the corresponding data paths of the
memory system. For example, the data of this characteriza-
tion can be used to generate offsets for use by the memory
controller in memory write operations. This data also has uses
in generating predicted offset values for use by the variable
delay element 130 during calibration.

FIG. 2 is a flow diagram 200 for individual data line strobe-
offset calibration in a calibration mode, under an embodi-
ment. Taking one data line as an example, a state of a cali-
brate-enable signal places one or more components of the
strobe-offset control system in a calibration mode, at block
202. In the calibration mode, a multiplexer is configured to
provide the received strobe signal (DQS) to the input of a
delay circuit, at block 204. Additionally, the receiver is con-
figured to compare timing of the edge-positions of the
delayed sample signal (DQS') and the delayed data signals of
the data line, at block 206. A dummy read of the memory
devices is initiated, at block 208. A dummy read is generally
defined to include a process in which a controller interface
circuit makes a read request from the DRAM, independent of
any data needs of the central processor or other higher layer
machine-readable code; these reads are performed at power-
up, or other intervals in which the DRAM was otherwise not
being utilized.

In response to the dummy read, data and DQS signals are
transmitted from the DRAM, received at the controller, and
any phase difference between the delayed sample signal DQS'
and the delayed data signal is detected, at block 210. Control
signals are generated in response to detected phase differ-
ences, and the control signals are used to adjust the amount of
variable delay which is applied to either the sample signal or
the data signal, at block 212. The variable delay value for each
data line, when applied to a per-bit sample signal, optimally
edge-aligns the per-bit sample signal to the data signal of that
data line, but is not so limited. A lock signal is output in
response to determination of the optimal offset, at block 214,
but generation of a lock signal is optional as alternative
embodiments can determine completion of calibration using
any number of other methods.

Following determination and adjustment of the optimal
variable delay value the memory system is placed in a
receiver mode in which the receiver functions as an input
sampler. When operating as an input sampler the receiver will
generally be referred to herein as a receiver/input sampler
102. The variable delay value determined/adjusted during the
calibration mode is subsequently used in generating a per-bit
sample signal for use by the input sampler in receiving data of
a corresponding data signal. Use of the variable delay value
effectively removes any unwanted offsets between the data
signal and the strobe signal, thereby optimizing the overall
timing margin between the data signal and the per-bit sample
signal during data transfer operations.

FIG. 3 is a flow diagram 300 for receiving data signals of an
individual data line using an optimized sample signal, under
an embodiment. Following calibration of the offset, as
described above, a state of the calibrate-enable signal places
the strobe-offset control system in a receiver mode, at block
302. In the receiver mode, a multiplexer is configured to
provide a delayed version of the received strobe signal (DQS)
as the input to a second delay circuit, at block 304. The
delayed strobe signal is delayed by a period that is approxi-
mately one-fourth of the memory system clock period (i.e., 90
degrees). The output of this second delay circuit is provided
as a sample signal for sampling data signals of the data line, at
block 306. The second delay circuit applies an amount of
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delay (determined during calibration mode) to the delayed
strobe signal, at block 308 (the strobe signal, therefore, is
delayed by a total period of approximately one-fourth of the
memory system clock period plus the period of the calibrated
delay). The twice delayed signal (delayed strobe signal with
calibrated applied) is subsequently output as the sample sig-
nal for sampling the individual data line, at block 310.

As a further example of the operating modes described
above, FIG. 4 is a block diagram of a strobe-based memory
system 199 including a strobe-offset control system 100 in the
calibration mode, under an embodiment. The strobe-offset
control system 100 and memory system 199 are as described
above with reference to FIG. 1. Regarding the calibration
mode, a memory controller or other component of the
memory system 199 activates the calibrate-enable signals 122
to the strobe-offset control system 100 in response to, for
example, initialization or re-initialization of a host system.
The active state of the calibrate-enable signal 122 places the
calibration control circuit 120 in a calibration mode, and
selects the strobe signal DQS (input 144) as the output 132 of
the multiplexer 140 and consequently the input of the variable
delay element 130. The output of the variable delay element
130 is a delayed version of the input signal, as described
below, and is used as a sample signal DQS' 106 input to the
receiver.

A dummy read of the memory devices 190 is then initiated
by the memory controller (not shown) during which the
delayed data signal DQ<X>'is compared with DQS' by the
receiver/phase detector 102. In the calibration mode the
receiver/phase detector 102 acts as a phase detector (PD) 102
which compares the phase difference between the delayed
data signal DQ<X>' and the sample signal DQS'. In response
to detected phase differences the receiver/phase detector 102
generates an adjustment control signal 114, and an optional
adjustment-valid signal 116. The receiver/phase detector 102
outputs the adjustment control signal 114, and optionally the
adjustment-valid signal 116, to the calibration control circuit
120.

The adjustment control signal 114 is an embodiment of a
delay-lock loop’s (DLL’s) up/down signal that the calibration
controller 120 uses to affect adjustments to the delay value.
The calibration control circuit 120 adjusts the delay applied
by the variable delay element 130 via signal lines 124 in
response to the adjustment-control and optional adjustment-
valid signals 114 and 116. Repeated adjustments of the vari-
able delay value, in a closed-loop manner, results in signal
DQS' 106 being optimally aligned (approximately edge-
aligned) to the delayed data signal DQ<X>'.

Consequently, the combination of the receiver/phase
detector 102, calibration control circuit 120 and variable
delay element 130 effectively form a DLL circuit. This DLL
circuit, in response to phase information of the delayed data
signal DQ<X>' and corresponding delayed strobe signal
DQS', adjusts the phase relationship between these signals for
each received data bit DQ<X> (where “X”is 0 . . . N, where
“N” is the number of bits associated with a given DQS signal)
by adjusting a delay applied to the strobe signal DQS. The
adjusted delay when applied to the strobe signal DQS results
in a per-bit sample signal DQS' that is approximately edge-
aligned to the delayed data signal DQ<0>'. An optional lock
signal 126 is subsequently output (to the memory controller
or other circuitry of the memory system 199) by the calibra-
tion control circuit 120 in response to determination of the
edge-alignment, but alternative embodiments may not output
a lock signal.

In addition to the adjustment control signal 114 described
above, the receiver/phase detector 102 of an embodiment
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outputs a valid signal 116 to the calibration control circuit 120
of' an embodiment. The valid signal 116, which is output by
the receiver/phase detector 102 to indicate when the adjust-
ment control signal 114 is valid, is used in systems in which
the data pattern of the dummy read contains an unequal num-
ber of transitions between the data DQ<X> and strobe DQS
signals. That is, while DQS is defined to transition once for
every bit transmitted, the DQ<X> signal may not transition
every bit (e.g., if two or more logic-high or logic-low states
are transmitted in a row). In such systems, the valid signal 116
indicates that the DQ<X> to DQS comparison result (i.e.,
adjustment control signal 114) is valid only when DQ<X> is
detected to have transitioned for purposes of the comparison.
Thus, the valid signal 116 may not be used in systems in
which the data pattern of the dummy read results in an equal
number of transitions between the data DQ<X> and strobe
DQS signals. Furthermore, in some embodiments the adjust-
ment control signal 114 is the same electrical signal as the
output of the input sampler when it is used in input-sampler
mode, i.e. data<X> signal 112.

FIG. 5 is a timing diagram 500 showing the determination/
application of the optimal per-bit variable delay to a strobe
signal DQS to generate per-bit strobe signals DQS' during
calibration mode, under an embodiment. Two data lines
DQ<0> and DQ<3> are shown as examples only, as the
methods described herein are similarly applied to all lines
DQ<X>. Looking first at delayed data signal DQ<0>', the
rising/falling edges of this data signal DQ<0>' during an
example dummy read (calibration mode) are offset from the
corresponding rising/falling edges of the strobe signal DQS
by a first phase difference 502. This phase-difference will, if
uncompensated for, limit the maximum bandwidth achiev-
able by the memory system. The receiver/phase detector in
combination with the calibration control circuit and variable
delay element (collectively the DLL) detects the phase dif-
ference 502, adjusts a variable delay 504 to compensate for
the phase difference, and applies the adjusted delay 504 to the
strobe signal DQS. The result of applying the adjusted delay
504 to the strobe signal DQS for this data line is a per-bit
sample signal DQS<0>'that is approximately edge-aligned to
the delayed data signal DQ<0>'.

Turning to a second delayed data signal DQ<3>", the rising/
falling edges of this data signal DQ<3>' during the example
dummy read (calibration mode) are offset from the rising/
falling edges of the strobe signal DQS by a second phase
difference 512. The DLL (receiver (phase detector), calibra-
tion control circuit, variable delay element) detects the phase
difference 512, adjusts a variable delay 514 to compensate for
the phase difference, and applies the adjusted delay 514 to the
strobe signal DQS. The result of applying the adjusted delay
514 to the strobe signal DQS for this data line is a per-bit
sample signal DQS<3>"'that is approximately edge-aligned to
the delayed data signal DQ<3>'.

Subsequent to or simultaneous with determining an opti-
mal amount of variable delay in the calibration mode, the
memory system begins operations in the receiver mode. FI1G.
6 is a block diagram of a strobe-based memory system 199
including a strobe-offset control system 100 in the receiver
mode, under an embodiment. The strobe-offset control sys-
tem 100 and memory system 199 are as described above with
reference to FIG. 1. A memory controller or other component
of the memory system 199 places the system in the receiver
mode by deactivating the calibrate-enable signal.

The receiver/input sampler 102 operates as an input sam-
pler in the receiver mode and, as such, receives a sample
signal DQS' from the variable delay element. The sample
signal is generated by the variable delay element by applying



US 9,111,608 B2

9

the offset determined during the calibration mode to the
delayed strobe signal. The variable delay element outputs a
per-bit sample signal DQS' to the receiver/input sampler 102
for use in sampling/receiving data of the corresponding
delayed data signal DQ<X>'. The receiver/input sampler 102
outputs the sampled/received data on the data lines 112.

FIG. 7 is a timing diagram 700 showing adjustment of
strobe signal timing using an optimal per-bit variable delay
along with a fixed delay to generate a per-bit strobe signal
with optimal alignment for sampling a corresponding data
signal, under an embodiment. One data signal DQ<0> is
shown as an example only, as the methods described herein
are similarly applied to all data lines DQ<X>. As described
above, the strobe-offset control system receives the strobe
signal DQS from the memory devices along with the data
signal DQ<0>. Due to system offsets and pin-to-pin offsets in
the memory devices there is an edge-alignment offset 702
between the strobe signal DQS and the received data signal
DQ<0>.

Applying a fixed delay 704 of approximately 90 degrees to
the received data signal DQ<0> as described above produces
delayed data signal DQ<0>'. During the calibration mode, as
described above, the delayed data signal DQ<0>'is compared
to the received strobe signal DQS and information of phase/
timing differences detected during this process result in
adjustment and subsequent application of a variable delay
706 to the received strobe signal DQS. Application of the
variable delay 706 to the strobe signal DQS results in per-bit
sample signal DQS<0>' (without a fixed delay). The variable
delay 706 is approximately equal to the edge-alignment offset
702 plus the fixed delay 704 applied to the data signal
DQ<0>. This results in a sample signal DQS<0>' (without a
fixed delay) that is approximately edge-aligned with the
delayed data signal DQ<0>'.

Following adjustment of the variable delay 706 during
calibration mode, a fixed delay 708 of approximately 90
degrees is applied to the strobe signal DQS along with the
variable delay 706 to generate the optimal per-bit sample
signal DQS<0>' for use by the receiver during normal receive
operations. The per-bit sample signal DQS<0>' is optimally
positioned relative to the data signal so as to maximize the
probability of accurately sampling the delayed data signal
DQ<0>'. The amount of per-pin offset that is correctable
using the systems and methods herein is the maximum delay
difference between the delay available from the variable
delay element 130 and the data delay element 150 (FIG. 1).
The optimal alignment provided by the systems/methods
herein, therefore, overcomes some if not all effects due to
system/pin-to-pin offsets.

As described above with reference to FIG. 1, the strobe-
offset control system 100 includes data delay elements and
strobe delay elements for applying fixed delays to the
received data signals and strobe signals, respectively. The
strobe-offset control system 100 of another embodiment
therefore includes one or more delay element control circuits
or controllers for use in controlling tolerances of the delays
provided by the strobe and data delay elements.

FIG. 8 is ablock diagram of a strobe-based memory system
199 including a strobe-offset control system 800 for indi-
vidual data line strobe-offset control, under an embodiment.
The delay element control circuit 880 generates control sig-
nals 882 for use in controlling nominal values of the strobe
delay element 160, and/or the data delay element 150, and/or
the variable delay element 130. While a single delay element
control circuit 880 is described below as controlling both the
strobe 160 and data 150 delay elements, alternative embodi-
ments can use separate delay element control circuit for each
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delay element, each type of delay element or for different
combinations of delay elements.

FIG. 9 is a block diagram of a delay element control circuit
880 for use in strobe-based memory controllers, under an
embodiment. The delay element control circuit 880 controls
the respective delays or offsets within a pre-specified range in
response to variations in operating or environmental param-
eters of the host system, memory controller, and/or strobe-
offset control system. The operating parameters include, for
example, the speed of operation, but can include numerous
other parameters as appropriate. The environmental param-
eters include, for example temperature and/or power supply
voltage, but can include numerous other parameters as appro-
priate.

The delay element control circuit 880 of an embodiment
includes a delay line 902, a phase detector 904, and a delay
line controller 906. The delay line 902 includes four unit
delay elements DE1, DE2, DE3, and DE4 coupled in series
and receiving the memory system clock signal 910 as an
input; alternative embodiments can include any number of
unit delay elements. The delay line 902 provides a total delay
that is approximately one period of the memory system clock.
Therefore, each of the four unit delay elements DE1-DE4
delays the input clock signal 910 by an amount that is one-
fourth of the memory system clock period.

The delay line output couples to the phase detector 904
along with the memory system clock signal 910. The phase
detector 904 determines any phase difference between these
two input signals and outputs control signals 914 to the delay
line controller 906 that include information of the detected
phase difference. The delay line controller 906 in turn outputs
control signals 882 for use in controlling timing offsets of one
or more of the unit delay elements DE1-DE4 in response to
the information from the phase detector 904. The delay line
controller output signals 882 are also used as control signals
for use in setting the nominal delay value of delay elements
like the strobe delay element 106, the data delay element 150,
and the variable delay element 130. The delay line controller
output signals 882 can be any of a variety of signal types
known in the art, such as voltage bias signals, current bias
signals, or digital delay-control signals. The offsets of the
delay elements are controlled within a pre-specified range in
response to variations in operating parameters described
above.

The strobe-offset control systems described above can be
used in numerous memory system types/configurations. As
analternative example, FIG. 10 is a block diagram of a strobe-
offset control system 1000 for individual data line strobe-
offset control in strobe-based DDR memory systems 1099,
under an alternative embodiment of FIG. 1. As described
above, the DDR memory system 1099 transfers data from the
memory devices 190 on both the rising and falling edge of the
strobe signal DQS. Consequently, the DDR memory system
1099 is similar to the strobe-based memory system 199
described above with reference to FIG. 1 except for an addi-
tional receiver/input sampler 102F that samples/receives data
on the falling edge of the sample signal DQS'. Likewise, the
strobe-offset control system 1000 is similar to the strobe-
offset control system 100 described above with reference to
FIG. 1 except for an additional coupling of the variable delay
element output signal DQS' to the falling-edge receiver/input
sampler 102F.

The strobe-based DDR memory system 1099 includes a
rising-edge receiver/input sampler 102R and a falling-edge
receiver/input sampler 102F both having data inputs coupled
to receive a delay data signal DQ<X>' that has been delayed
by a data delay element 150. The data signal DQ includes
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information of one data bit of a data byte transferred between
the receivers/input samplers 102R/102F and one or more
memory devices 190 via one or more buses 170. The rising-
edge receiver/input sampler 102R and falling-edge receiver/
input sampler 102F both receive sample signal DQS' from the
variable delay element 130. The rising-edge receiver/input
sampler 102R samples the data signal DQ<X> in response to
the sample signal DQS' 106 as described above and outputs
data signal 112R that includes data DATAR<0:N>. The fall-
ing-edge receiver/input sampler 102F samples the data signal
DQ<X> in response to the sample signal DQS' 106 as
described above and outputs data signal 112F that includes
data DATAF<0:N>.

Components of the strobe-offset control system 1000
include a calibration control circuit 120, a variable delay
element 130, and a multiplexer 140, but can include and/or
couple with additional components as appropriate to the
memory system 1099 or host electronic system. The strobe-
offset control system 1000 and its various components oper-
ate during data transfer operations as described above with
reference to FIGS. 1-7.

Another alternative example of a strobe-offset control sys-
tem provides separate strobe-offset control for rising and
falling edges of the strobe signal DQS. FIG. 11 is a block
diagram of a control system 1100 for individual data line
rising and falling edge strobe-offset control in strobe-based
DDR memory controllers 1199, under an alternative embodi-
ment of FIG. 10. As described previously, the DDR memory
system 1199 transfers data from the memory devices on both
the rising and falling edge of the strobe signal DQS. Conse-
quently, the DDR memory system 1199 is similar to the
strobe-based memory system 199 described above with ref-
erence to FIG. 1 except for an additional receiver. The strobe-
based DDR memory system 1199 thus includes a rising-edge
receiver/input sampler 102R and a falling-edge receiver/input
sampler 102F both having data inputs coupled to receive a
data signal DQ<X>' that has been delayed by a data delay
element 150. The rising-edge receiver/input sampler 102R
samples data on the rising edge of a sample signal DQS(R)'
while the falling-edge receiver/input sampler 102F samples
data on the falling edge of a sample signal DQS(F)". The data
signal DQ includes information of one bit of a data byte
transferred between each of receiver/input sampler 102R/
102F and one or more memory devices (not shown). The
rising-edge receiver/input sampler 102R samples the data
signal DQ<X> in response to the sample signal DQS(R)' as
described above and outputs data signal 112R that includes
data DATAR<0:N>. The falling-edge receiver/input sampler
102F samples the data signal DQ<X> in response to the
sample signal DQS(F)' as described above and outputs data
signal 112F that includes data DATAF<0:N>.

The strobe-offset control system 1100 is similar to the
strobe-offset control system 100 described above with refer-
ence to FIG. 1 except that it includes additional components
that provide separate strobe-offset control for the rising and
falling edges of the strobe signal DQS. The rising-edge
strobe-offset control components (generally indicated with
suffix “R”) include a calibration or offset controller 120R, a
variable delay element 130R, and a multiplexer 140R along
with corresponding signals 132R, 124R, and 112R, as
described above with reference to FIG. 1. Likewise, the fall-
ing-edge strobe-offset control components (generally indi-
cated with suffix “F”’) include a calibration or offset controller
120F, a variable delay element 130F, and a multiplexer 140F
along with corresponding signals 132F, 124F, and 112F, as
described above with reference to FIG. 1. The strobe-offset
control system 1100 can include and/or couple with addi-
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tional components as appropriate to the memory system 1199
or host electronic system. The strobe-offset control system
1100 operates during data transfer operations as described
above with reference to FIGS. 1-7.

As described above with reference to FIG. 1 for example,
the calibration control circuit 120 of an embodiment uses
information of one or more signals received from the receiver
102 in performing adjustments of the variable delay value of
delay element 130. FIG. 12 is a block diagram of a calibration
control circuit 120, under an embodiment. The calibration
control circuit 120 receives an up/down adjustment control
signal 114 that is a digital representation of the difference in
phase between the strobe signal and the data signal as
detected by the receiver. A flip-flop 1204 couples the control
signal to an N-bit counter 1202, but the embodiment is not so
limited. The calibration control circuit 120 can also receive an
optional adjustment valid signal 116 from the receiver that
indicates when the adjustment control signal 114 is valid. The
adjustment valid signal, when included, is coupled to the
N-bit counter 1202 via flip-flop 1206 in an embodiment.

In response to phase difference information of the adjust-
ment control signal 114 the N-bit counter 1202 accumulates
the up/down adjustment and generates the delay control sig-
nal 124 as appropriate to the detected phase difference. The
delay control signal 124 couples to adjust the variable delay
value of delay element 130 up or down as appropriate to the
detected phase difference.

The calibration control circuit 120 also includes optional
circuitry 1210 for detecting a dither condition between the
phase of the strobe signal and the data signal as detected by
the receiver when the phase of the strobe signal is approxi-
mately the same as the phase of the data signal. In response to
detecting the dither condition, the circuitry 1210 enables the
optional lock signal 126. The lock signal 126 is subsequently
output (to the memory controller or other circuitry of the
memory system 199) by the calibration control circuit 120 to
indicate detected phase alignment of the strobe and data sig-
nals.

The N-bit counter 1202 can be replaced by a charge pump
in an alternative embodiment of the calibration control circuit
120. As one example, FIG. 13 shows a charge pump 1300 that
can replace the N-bit counter 1202, under an embodiment.
This charge pump 1300 includes current sources 11 and 12
selectively switched to a capacitor C via one of a control (up)
signal/transistor Tu or a control (down) signal/transistor Td.
Alternative charge pump circuits can be used.

In operation, the calibration control circuit 120 receives an
up/down adjustment control signal 114 that represents the
difference in phase between the strobe signal and the data
signal as detected by the receiver. Information of the adjust-
ment control signal 114 is used to provide the control (up)
signal to the gate of transistor Tu and to provide the control
(down) signal to the gate of transistor Td.

In operation, when the control (up) signal is enabled (and
the control (down) signal is disabled), transistor Tu causes a
first current source I1 to deliver charge onto capacitor C. In
contrast, when the control (down) signal is enabled (and the
control (up) signal is disabled), transistor Td causes a second
current source [2 to sink current with a subsequent decrease in
charge on capacitor C. In this manner the charge stored on the
capacitor C is representative of the up or down adjustment
applied to the variable delay value in response to the detected
phase difference between the strobe and data signals. The
charge pump 1300 outputs an analog control voltage V _,,, for
use in generating the delay control signal 124 (FIG. 1) as
appropriate to the detected phase difference. The delay con-
trol signal 124 couples to adjust the variable delay value
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(delay element 130) up or down as appropriate to the detected
phase difference, as described above.

The components of the memory systems described above
include any collection of computing components and devices
operating together. The components of the memory systems
can also be components or subsystems within a larger com-
puter system or network. The memory system components
can also be coupled among any number of components (not
shown), for example other buses, controllers, memory
devices, and data input/output (I/O) devices, in any number of
combinations. Many of these system components may be
soldered to a common printed circuit board (for example, a
graphics card or game console device), or may be integrated
in a system that includes several printed circuit boards that are
coupled together in a system, for example, using connector
and socket interfaces such as those employed by personal
computer motherboards and dual inline memory modules
(“DIMM”). In other examples, complete systems may be
integrated in a single package housing using a system in
package (“SIP”) type of approach. Integrated circuit devices
may be stacked on top of one another and utilize wire bond
connections to effectuate communication between chips or
may be integrated on a single planar substrate within the
package housing.

Further, functions of the memory system components can
be distributed among any number/combination of other pro-
cessor-based components. The memory systems described
above include, for example, various dynamic random access
memory (DRAM) systems. As examples, the DRAM
memory systems can include double data rate (“DDR”) sys-
tems like DDR SDRAM as well as DDR2 SDRAM and other
DDR SDRAM variants, such as Graphics DDR (“GDDR”)
and further generations of these memory technologies, i.e.,
GDDR2, and GDDR3, but is not limited to these memory
systems.

Aspects of the system for per-bit offset control and cali-
bration described herein may be implemented as functional-
ity programmed into any of a variety of circuitry, including
programmable logic devices (PLDs), such as field program-
mable gate arrays (FPGAs), programmable array logic (PAL)
devices, electrically programmable logic and memory
devices and standard cell-based devices, as well as applica-
tion specific integrated circuits (ASICs). Some other possi-
bilities for implementing aspects of the per-bit offset control
and calibration system include: microcontrollers with
memory (such as electronically erasable programmable read
only memory (EEPROM)), embedded microprocessors,
firmware, software, etc. Furthermore, aspects of the per-bit
offset control and calibration system may be embodied in
microprocessors having software-based circuit emulation,
discrete logic (sequential and combinatorial), custom
devices, fuzzy (neural) logic, quantum devices, and hybrids
of any of the above device types. Of course the underlying
device technologies may be provided in a variety of compo-
nent types, e.g., metal-oxide semiconductor field-effect tran-
sistor (MOSFET) technologies like complementary metal-
oxide semiconductor (CMOS), bipolar technologies like
emitter-coupled logic (ECL), polymer technologies (e.g., sili-
con-conjugated polymer and metal-conjugated polymer-
metal structures), mixed analog and digital, etc.

Unless the context clearly requires otherwise, throughout
the description and the claims, the words “comprise,” “com-
prising,” and the like are to be construed in an inclusive sense
as opposed to an exclusive or exhaustive sense; that is to say,
in a sense of “including, but not limited to.” Words using the
singular or plural number also include the plural or singular
number respectively. Additionally, the words “herein,” “here-
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under,” “above,” “below,” and words of similar import refer to
this application as a whole and not to any particular portions
of'this application. When the word “or” is used in reference to
a list of two or more items, that word covers all of the follow-
ing interpretations of the word: any of the items in the list, all
of'the items in the list and any combination of the items in the
list.

The above description of illustrated embodiments of the
system for per-bit offset control and calibration is not
intended to be exhaustive or to limit the system to the precise
form disclosed. While specific embodiments of, and
examples for, the system for per-bit offset control and cali-
bration are described herein for illustrative purposes, various
equivalent modifications are possible within the scope of the
system, as those skilled in the relevant art will recognize. The
teachings of the system for per-bit offset control and calibra-
tion provided herein can be applied to other processing sys-
tems, not only for the systems described above.

The elements and acts of the various embodiments
described above can be combined to provide further embodi-
ments. These and other changes can be made to the system for
per-bit offset control and calibration in light of the above
detailed description.

In general, in the following claims, the terms used should
not be construed to limit the system for per-bit offset control
and calibration to the specific embodiments disclosed in the
specification and the claims, but should be construed to
include all processing systems that operate under the claims
to provide per-bit offset control and calibration. Accordingly,
the system for per-bit offset control and calibration is not
limited by the disclosure, but instead the scope of the system
is to be determined entirely by the claims.

While certain aspects of the system for per-bit offset con-
trol and calibration are presented below in certain claim
forms, the inventor contemplates the various aspects of the
system in any number of claim forms. For example, while
only one aspect of the system is recited as embodied in com-
puter-readable medium, other aspects may likewise be
embodied in computer-readable medium. Accordingly, the
inventor reserves the right to add additional claims after filing
the application to pursue such additional claim forms for
other aspects of the system for per-bit offset control and
calibration.

What is claimed is:

1. An integrated circuit (IC) memory controller compris-
ing:

a first pin to receive a first data signal;

a first adjustable delay element to delay the received first

data signal and generate a first delayed data signal;

a second pin to receive a second data signal;

a second adjustable delay element to delay the received
second data signal and generate a second delayed data
signal;

a pin to receive a strobe signal;

a first sampling circuit to sample the first delayed data
signal based on the strobe signal; and

a second sampling circuit to sample the second delayed
data signal based on the received strobe signal.

2. The IC memory controller according to claim 1, further
comprising storage to store each of first and second delay
values corresponding to the delays imparted to the first and
second data signals.

3. The IC memory controller according to claim 1, embod-
ied as a field programmable gate array (FPGA) device.
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4. The IC memory controller according to claim 1, wherein
the first and second data signals are delayed to compensate for
timing offset between the received first and second data sig-
nals.

5. The IC memory controller according to claim 4, further 5

comprising:
a first timing signal delay element associated with the first
pin; and
a second timing signal delay element associated with the
second pin; 10
wherein each of the first and second timing signal delay
elements impart first and second delays to the strobe
signal.
6. The IC memory controller according to claim 1,
wherein: 15

each of the first and second delay elements comprise
locked-loop circuits having plural serially connected
delay elements.

7. The IC memory controller according to claim 6, wherein
the first delay value is used to select delay elements of the first 20
delay circuit and the second delay value is used to select delay
elements of the second delay circuit.

8. The IC memory controller according to claim 1, further
comprising a calibration strobe delay element to impart a
calibrated delay to the strobe signal.

9. The IC memory controller according to claim 1, further
comprising a calibration circuit to, in a calibration mode,
determine the first and second delay values.

10. A method of operation in an IC memory controller, the
method comprising:

receiving first and second data signals from a memory

device at respective first and second pins;

aligning the received first and second data signals with a

strobe signal, the aligning comprising

imparting a first delay to the first data signal, the first
delay corresponding to a first delay value,

imparting a second delay to the second data signal, the
second delay corresponding to a second delay value.

11. The method according to claim 10, further comprising:

in a calibration mode,

determining the first and second delay values; and
storing the first and second delay values.
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12. The method according to claim 11, wherein:

during the receiving mode,
the imparting the first and second delays includes

retrieving the stored first and second delay values.

13. The method according to claim 12, wherein:

the first and second data signals are delayed by the first and
second delay values.

14. The method according to claim 11, further comprising:

during the calibration mode,
calibrating a timing signal delay value corresponding to

a delay for application to the strobe signal.

15. The method according to claim 14, further comprising:

during the calibration mode,
storing the calibrated timing delay value.

16. A Field Programmable Gate Array (FPGA) device

comprising:

a memory controller interface, the memory controller
interface including data pins, the data pins to receive
respective data signals;

calibration circuitry to, in a calibration mode, determine
delay values corresponding to delays to impart to, for
each pin, a received data signal to align the data signals
with a strobe signal for data sampling operations, each
pin associated with a given delay value;

alignment circuits corresponding to each data pin, each
alignment circuit including delay circuitry responsive to
a given determined delay value;

storage to store the determined delay values.

17. The FPGA according to claim 16, wherein the calibra-
tion circuitry determines a timing signal delay to impart to the
strobe signal.

18. The FPGA according to claim 17, wherein each align-
ment circuit includes a timing signal delay element respon-
sive to the determined timing signal delay.

19. The FPGA according to claim 16, wherein the align-
ment circuits include respective locked-loop circuits respon-
sive to different ones of the determined delay values.

20. The FPGA according to claim 16, wherein the calibra-
tion circuitry includes a calibration strobe delay element to
impart a calibrated delay to the strobe signal.
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